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During the last 15 years a novel decay mechanism of excited atoms has been discovered and in-
vestigated. This so called ”Interatomic Coulombic Decay” (ICD) involves the chemical environment
of the electronically excited atom: the excitation energy is transferred (in many cases over long
distances) to a neighbor of the initially excited particle usually ionizing that neighbor. It turned
out that ICD is a very common decay route in nature as it occurs across van-der-Waals and hydro-
gen bonds. The time evolution of ICD is predicted to be highly complex, as its efficiency strongly
depends on the distance of the atoms involved and this distance typically changes during the de-
cay. Here we present the first direct measurement of the temporal evolution of ICD using a novel
experimental approach.
In 1997 Cederbaum and coworkers realized that the
presence of loosely bound atomic or molecular neigh-
bors opens a new relaxation pathway to an electroni-
cally excited atom or molecule. In the decay mechanism
they proposed - termed Intermolecular Coulombic Decay
(ICD) - the excited particle relaxes efficiently by trans-
ferring its excitation energy to a neighboring atom or
molecule [1]. As a consequence the atom or molecule
receiving the energy emits an electron of low kinetic en-
ergy. The occurrence of ICD was proven in experiments
in the mid 2000s by means of electron spectroscopy [2]
and multi-coincidence techniques [3]. Since that time
a wealth of experimental and theoretical studies have
shown that ICD is a rather common decay path in na-
ture, as it occurs almost everywhere in loosely bound
matter. It has been proven to occur after a manifold of
initial excitation schemes such as innervalence shell ion-
ization, after Auger cascades [4, 5], resonant excitation
[6, 7], shakeup ionization [8] and resonant Auger decay.
ICD has also been observed in many systems as rare gas
clusters [9], even on surfaces [10] and small water droplets
[11, 12]. The latter suggested that ICD might play a role
in radiation damage of living tissue [13], as it creates
low energy electrons, which are known to be genotoxic
[14, 15]. More recently that scenario was reversed as it
was suggested to employ ICD in treatment of tagged ma-
lignant cells [16]. Apart from these potential applications
the elementary process of ICD is under investigation, as
the decay is predicted to have a highly complex temporal
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behavior. The efficiency and thus the decay times of ICD
depend strongly on the size of the system, i.e. the number
of neighboring particles and the distance between them
and the excited particle. However, even for most sim-
ple possible model systems consisting of only two atoms
the temporal evolution of the decay is non-trivial and
predicted theoretically to exhibit exciting physics [17]:
as ICD happens on a timescale that is fast compared to
relaxation via photon emission, but comparable to the
typical times of nuclear motion in the system, the dy-
namics of the decay is complicated and so far only the-
oretically explored. As the decay rates strongly depend
on the internuclear distances of the atoms participating
in the decay the correct description of the nuclear mo-
tion as well as the precise decay widths for each distance
are both vital even for predicting relatively general quan-
tities, such as the energy spectrum of the emitted ICD
electrons. Examining the temporal evolution of ICD in
an experiment is therefore one of the grand challenges in
ultrafast science. Here we present an experimental study
resolving ICD in a helium molecule, a so called helium
dimer (He2), in the time domain.
The helium dimer is known to be the most weakly
bound ground state system in the universe [18] with a
binding energy of only 95 neV (1.1 mK) and a bond
length that extends from about 5 A˚ over its mean value
of 52 A˚ into the macroscopic regime of a few hundred
angstroms. Nonetheless even in this extended system
ICD occurs transferring about 40 eV of energy from one
helium atom to its neighbor. The existence of ICD in
the helium dimer has been shown in [19]. While initially
ICD was investigated after innervalence ionization in the
case of helium simultaneous photoionization and excita-
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FIG. 1: Sketch of the potential energy diagram of the states
involved in the process. The groundstate which is only bound
by 95 neV is photoionized and excited. As the mean internu-
clear distance of the excited state is much smaller than that
of the groundstate, nuclear motion sets in: the vibrational
wavepacket starts to evolve on the potential energy curves of
the excited states. During that time ICD happens mapping
the evolving vibrational wavepacket to the repulsive He+/He+
final states. By measuring the kinetic energy release (KER)
information on the internuclear distance (i.e. the distribution
of the wavepacket) at the instant of the decay is obtained.
tion was used to produce an intermediate ionic dimer
state that is able to undergo ICD. A multi-coincidence
measurement yielded not only the proof of the existence
of ICD even in a system as extended as the helium dimer,
but for the first time showed the occurrence of nodal
structures in the measured energy distributions [20]. Pre-
viously expected for the neon dimer [21] these occur as
the vibrational wavefunction of the excited intermediate
dimer state is mapped onto the repulsive final state after
ICD visualizing directly the wave-nature of the vibrating
nuclei. A sketch of the process and the involved potential
energy curves is shown in Fig. 1. A key feature to ICD in
He2 is the long distance over which the energy transfer
takes place. Consequently the decay times here are in
comparison to that of other systems very long, allowing
for the vibrational structure to form in the excited state.
Following ICD in the time domain thus equals following
the evolution of the vibrational wavepacket in time, as
it is triggered at large internuclear distances and then
evolves towards showing the vibrational features shown
in Fig. 2.
We observe this time evolution, which takes place on a
femto- to picosecond timescale making use of a new ex-
perimental technique, which maps time to kinetic energy
of an emitted electron. Such a mapping of time to energy
is typically employed in attosecond science by streaking
of electrons with a time varying external field [22]. In our
novel technique the time dependent field is created by
the decaying system itself and the photoelectron, which
we launch in the pump step, acts as the probe particle,
which experiences the streaking. In the present case we
therefore used Cold Target Recoil Ion Momentum Spec-
troscopy (COLTRIMS) [23–25] to measure the energy of
the photoelectron carrying the time information and the
fragment ions on which we observe the time evolution of
ICD in coincidence. By expanding helium gas at a pres-
sure of 8 bar through a nozzle with a diameter of 5 µm
and cooling the nozzle to a temperature of 22 K a super-
sonic gas jet containing a mixture of helium monomers
and dimers was created. At these conditions a mixture
of dimers and trimers might occur. The measurements,
however, show that the contribution of trimers was small,
as the measured spectra are expected to differ drastically
for dimers and trimers. The supersonic jet was inter-
sected by a linearly polarized photon beam with a photon
energy of hν = 65.536 eV at beamline UE112-PGM-1 at
the BESSY synchrotron facility. The ion detection cov-
ered full solid angle of emission for kinetic energy releases
up to 3 eV. Ions with higher kinetic energy are detected
depending on their emission angle, i.e. ions being emit-
ted within a small cone along the spectrometer axis are
detected over the complete range of KERs occurring in
the reaction. These events have been used as a reference
for a solid angle correction of the measured KER spectra.
Even though it is rarely stressed in literature, the
mapping of decay time to photoelectron energy natu-
rally occurs whenever a decay produces a secondary elec-
tron, which is significantly faster than the photoelectron
[26, 27]. The change of the kinetic energy of the emitted
particles is known as ”post collision interaction” (PCI)
[28]. So far, PCI has been studied in great detail af-
ter Auger decay [29]. As the Auger electron is emitted
in the decay, the charge of the remaining ion changes.
Accordingly an emerging photoelectron starts to leave a
singly ionized atom, but as the decay happens, the pho-
toelectron is suddenly exposed to the Coulomb force of
a doubly charged ion. This results in lowering the en-
ergy of the emerging photoelectron and increasing the
kinetic energy of the Auger electron. The energy shift of
the photoelectron wavepacket depends on the time the
Auger electron needs to emerge from the ion: a strong
shift can be expected if the Auger electron is gone in-
stantly, as the photoelectron is still close to the ion and
the difference between the singly and the doubly charged
potential is large in that case. The shift decreases for
longer decay times correspondingly. Therefore, as the
shift of the electron energy can be measured, a way to
access the time domain of an electronic decay in an ex-
periment arises. The only requirement for this scenario
to work is, that the photoelectron is much slower than the
secondary electron. Thus by tuning the photoelectron to
very low energies the scheme can be used to measure the
evolution of ICD. In order to convert the measured shift
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FIG. 2: Theoretical predictions of the time evolution of the
kinetic energy release for different decay times. Bottom to
top: KER for a time integrated from 0 fs to 50 fs, 70 fs, 90 fs,
110 fs, 210 fs, 410 fs, 2000 fs and to 4000 fs.
in energy of the photoelectron into a decay time we used
a simple classical model. In a simulation an electron of
a kinetic energy of 140 meV is launched. A second elec-
tron (the ICD electron) with a kinetic energy of 10 eV is
launched after a delay time tICD. As the ICD electron
reaches the photoelectron the distance the photoelectron
travelled Rp is obtained. The energy difference between
a Coulomb potential of charge two and a Coulomb po-
tential of charge one at Rp is the amount of energy the
electron is decelerated. This most simple model already
shows a strong non-linear behavior for the dependency of
the emission time of the second electron and the energy
shift the first electron experiences as shown in Fig. 3
for different initial (i.e. unshifted) energies of the photo-
electron. Apart from being a fully classical model it fur-
thermore neglects effects that occur due to the different
emission angles of the two electrons. However, this effect
is known to be strong only for a small region of almost
equal emission directions [30]. It furthermore turns out,
that the minimum time that can be investigated depends
on the initial energy of the photoelectron. This is basi-
cally due to the fact, that electrons that exhibit a severe
shift are recaptured into the ion. Therefore, choosing an
unperturbated energy of 140 meV for the photoelectron
yields a minimum accessible decay time of 50 fs within
our simple model. In the experiment this was imple-
mented by employing a photon energy of 65.536 eV. At
this energy one helium atom of the dimer is ionized and
excited to (n= 2) and emits a photoelectron of an energy
of 140 meV. This excited state can undergo ICD and was
used (at higher photon energies) in the past to identify
ICD in He2 [19].
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FIG. 3: Dependence of the shift in electron energy and the de-
cay time obtained from our classical model. The plot depicts
on the y-axis the energy a measured electron will have if the
decay happens after a certain time (shown on the x-axis). The
behavior is plotted for different initial photoelectron energies.
From bottom to top: 30 meV, 70 meV, 100 meV, 140 meV.
In the present case the temporal evolution of the ki-
netic energy release (KER) is investigated. The KER is
the energy that the two nuclei gain after dissociating in
a Coulomb explosion as ICD occurred. The KER closely
corresponds to the internuclear distance of the two atoms
of the dimer, at the instant they were ionized: within the
so called ”reflection approximation” [31] the Coulomb in-
teraction yields (in atomic units) the following simple re-
lation: KER = 1/R. The results from the theoretical
investigation shown in Fig. 2 depict the KER for differ-
ent times at which ICD happened. At short times a first
peak at lower kinetic energies occurs. This can be un-
derstood classically: as the internuclear distance of He2
in the groundstate is much larger than in the excited
state the decay starts to evolve at larger internuclear dis-
tances, i.e. smaller KERs. After some time the main
peak at high KERs builds up as the dimer contracts to-
wards the mean internuclear distance of the excited ionic
state. As this happens, the probability for ICD increases
(which is proportional to 1/R6 at large distances [32])
as Fig. 2 reveals. At longest times finally the vibra-
tional features form, yielding the distribution, which is
known from the non-timeresolved investigation [19, 20].
The time resolved KER spectra, shown in Fig. 2, were
computed using the approach reported in [33]. The elec-
tronic structure input data used for these computations
are presented and discussed in [34].
In Fig. 4 the experimental results are depicted. The
top panel shows the correlation of the measured KER
and the kinetic energy of the electrons. As expected the
electron spectrum consists of a photoelectron line at an
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FIG. 4: Experimental results. Top: electron energies and
kinetic energy releases measured in coincidence. The axis de-
picting the decay time is obtained according to our model
described in the methods section. Middle and bottom: Mea-
sured kinetic energy releases corresponding to an integration
over times from zero to (top to bottom): ”infinity”, 2000 fs,
600 fs, 210 fs, 120 fs, 100 fs, 70 fs, and 50 fs. The scaling of the
y-axis is in both plots the same. All results shown here are
solid angle corrected spectra (see methods for details), i.e. for
KERs below 3.3 eV the y-axis shows counts, while the data
with KER> 3.3 eV is multiplied by a KER dependent factor
up to 9 for a KER of 12 eV.
energy of approx. 140 meV that is streaked towards lower
electron energies. The plot reveals the expected behav-
ior: at lowest photoelectron energies (which correspond
to shortest ICD times) mainly low KERs occur. As the
electron energy increases the main peak at a KER of
about 8.5 eV builds up. For even later times the vibra-
tional structures form. The two lower panels of Fig. 4
show the KER for different slices in the electron energy.
The maximum photoelectron energy increases from bot-
tom to top, accordingly the investigated time interval
increases. The bottom panel shows the KER for elec-
tron energies of 0 meV to 20 meV, 40meV, 60 meV, and
80 meV. The middle panel depicts KERs from 0 meV to
100 meV, 120 meV, 135 meV and 160 meV (full range),
i.e. according to our model the time domain from 50 fs
to ”infinity”. The experimental results furthermore con-
firm the findings of Fig. 2, that the decay times of ICD
in He2 are (due to the dimer’s dimension) in the range
of a few 100 femtoseconds to picoseconds, as the main
contribution to the gathered data occurs at these times.
In conclusion we have added a new powerful streaking
approach to the toolbox of ultrafast science and applied
it to visualize the time dependence of an interatomic de-
cay process. The results directly show the evolution of
the vibrational wavepacket of a helium dimer during the
decay and thus give insight into the complex behavior
of ICD in the time domain. The measurement approach
presented here can be used to investigate other processes
and systems in the time domain, as well. Experiments in-
vestigating the evolution of a hole created inside an atom
or molecule and for example the hopping of core holes in
molecules could be traced in time in the future using the
same approach.
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